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Abstract
The incorporation of spent bleaching clay (SBC) into the CaL process has been
proposed to reduce the system cost, whereby fuels and/or heat from different SBC
regeneration could be used as a partial energy source for the calciner; the regenerated
SBC residues are used with lime powders to synthesize pellets. In this paper, the
prepared sorbents doped with regenerated SBC and cement were tested in a bubbling
fluidized bed (BFB) to further examine the cyclic CO2 capture capacity and attrition
properties. The results revealed that the cyclic CO2 capture capacity of pellets
modified by pyrolyzed SBC and/or cement displayed significantly better performance
than limestone, consistent with the thermogravimetric analyzer (TGA) results. This is
due to the improvement of pore structure and better sintering resistance produced by
adding inert phases to the sorbent. The elutriation rates of the composites prepared
with pyrolyzed SBC and/or cement were consistently lower than for crushed
limestone. Scanning electron microscopy (SEM) images indicated that the pellets
possessed higher sphericity than limestone particles, reducing surface abrasion.
Limestone exhibited a high attrition rate (diameter reduction rate) of 10.7 μm/cycle, 
which could be effectively eliminated by adding regenerated SBC and/or cement.
“L-5PC-10CA” (85% lime/5% pyrolyzed SBC/10% cement) showed a higher attrition
resistance, exhibiting the lowest attrition rate of 7.9 μm/cycle. Based on the analysis 
of breakage and probability density function (PDF) for particle size distribution, it
appeared that pellets without cement experienced breakage (mostly chipping and
disintegration) and surface abrasion, while “L-10CA” (90% lime/10% cement) and
“L-5PC-10CA” mainly suffered only surface abrasion, combined with some chipping.
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1. Introduction
Calcium looping (CaL), one of the promising post-combustion CO2 capture
technologies, can be easily integrated with existing energy-intensive plants. CaL
removal of CO2 from coal-fired power plant flue gas has already been demonstrated at
pilot scale (0.1-2 MW)1–4. Furthermore, CaL-steel plant5 and CaL-cement plant6–9
have been proposed to reduce CO2 emissions in steel and cement production and
reduce overall costs for both processes. In addition, the CaL process is likely to play a
role in energy storage10. Due to the advantages of high energy density and long
storage duration, chemical heat storage has attracted considerably more interest than
thermal energy storage methods, i.e., sensible and latent heat storage. The reverse
reaction of CaO + CO2 appears to be one of the best candidates for storing
high-temperature energy11. The CaL process, acting as energy storage for power
plants, would also increase power generation flexibility10. Recently, the integration of
CaL and a concentrating solar power plant, i.e., CaL-CSP plant, has generated much
interest12,13, as the CaO/CO2 system has a higher energy density of around 3.2 GW/m2
compared to that of molten salts (about 0.8 GW/m2) used in the existing plants.
Natural CaO-based inorganic materials, like limestone and dolomite, are
inexpensive, non-toxic and abundantly available, which lead to reduced costs for the
CaL process. However, although CaL has a lower efficiency penalty of 6-8% points,
compared to those of amine scrubbing and oxy-combustion technologies, the high
energy penalty of conventional CO2 capture systems still results in higher fuel
consumption and costs. Based on previous modelling results, the CO2 capture cost is
estimated to be $29-50/t CO2, which is less than half that for amine scrubbing14,15.
More importantly, to further reduce the cost of sorbents, several types of
waste-derived CaO-based materials have been tested in CaL cycles.
Calcium-containing solid wastes such as carbide slag16–18, lime mud19, iron and steel
slag20,21, have been examined as potential CaO sorbents. Moreover, alkali
silicate-based materials including fly ash (FA) from fossil fuel combustion22,23, rice
husk ash24,25, etc., were used to modify natural limestone to enhance the cyclic
performance.
Spent bleaching clays (SBC) containing oil and inorganic components (mainly SiO2
and Al2O3) are produced from the oil refining process. In the work of Su et al.26, a
novel system integrating CaL with SBC was proposed for the first time. In this system,
the energy recovered from SBC could supply the needs of the calciner; and the
pyrolyzed and/or organic solvent extracted SBC containing combustible content and
inert phase could be used to synthesize limestone-based sorbent. Pelletization
methods were used to prepare the composite. Doping the limestone powder with
support and pore-forming materials can also be done in the pelletization process.
Cement as support was determined to be competitively favorable27–29. Another
advantage of the method is that pellets with desirable particle size and shape can be
formed for use in real fluidized bed systems. Cyclic performance tests of synthesized
pellets doped with regenerated SBC and cement have been performed in a
thermogravimetric analyzer (TGA) apparatus, the results of which revealed that these
lime-based pellets possessed higher specific surface area and pore volume due to the
oxidation of combustible content inside, which contributed to better CO2 capture
performance.
Apart from the carbonation activity, the attrition issue is another major challenge
for the application of sorbents in the CaL process. The particles will experience
breakage and abrasion in the fluidized bed, which causes the loss of sorbent and
increases the relative cost. In this paper, the cyclic carbonation performance and
attrition properties of the prepared pellets doped with regenerated SBC and cement
were assessed in detail using a bubbling fluidized bed.
2. Experimental section
2.1 Materials and sorbent preparation
The spent bleaching clays from the lubricating oil refining process were supplied
by Sinopec Corp., China. The average oil content left in the SBC was determined to
be 26.3% from the calcination process. X-ray fluorescence (XRF) measurements
showed that SiO2 and Al2O3 were the main inorganic components in calcined SBC.
The relevant methods used and the results of these tests are discussed in detail
elsewhere26.
In view of the simplicity of the pyrolysis regeneration process and the
improvements in CO2 adsorption performance of sorbents modified by pyrolyzed
SBC, this material was used to prepare lime-based pellets in this paper. The
pelletization was performed in a laboratory mechanical granulator (Xiyite G6, China).
Mixing powders consisting of calcined limestone, regenerated SBC and/or cement
were agitated by a high-speed agitator and chopper, and deionized water was sprayed
on the mixture to initiate bonding and pelletization. The detailed pelletization process
is described elsewhere30.
A range of sorbent pellets was synthesized using various materials, the
compositions of which are summarized in Table 1. The prepared sorbents are denoted
as L‐αPC‐βCA, where L, PC and CA refer to calcined limestone, pyrolyzed SBC and 
cement, respectively; α and β refer to the doping ratios (0, 5 or 10 wt.%). For 
comparison, raw limestone particles and pure calcined limestone pellets were also
examined to determine the effect of pelletization on sorbent performance. These
pelletized materials are designated as “L” and “LP”, respectively.
Table 1: Compositions of materials used in preparation of different samples.
Sample
Lime
(wt.%)
Pyrolyzed SBC
(wt.%)
Cement
(wt.%)
L 100 0 0
LP 100 0 0
L-10PC 90 10 0
L-10CA 90 0 10
L-5PC-10CA 85 5 10
2.2 Bubbling fluidized bed test
Multiple calcination/carbonation reaction cycles were performed in a laboratory
bubbling fluidized bed (BFB) unit, shown in Figure 1. A quartz tube (25 mm i.d.,
1100 mm height) was used as the reactor, consisting of a preheating section (600 mm
in height) and a reaction section (500 mm in height). The gas distributor is a sintered
glass disk plate. The fluidized gases, metered by mass flow controllers, were mixed in
a gas mixer before being introduced from the bottom of the tube. A nondispersive
infrared gas analyzer (ThermoFisher, Antaris IGS) was used to measure the CO2
concentration in the outlet gas after filtering in real time.
Figure 1. Schematic of the bubbling fluidized bed.
Carbonation performance
The sorbent pellets were pretreated as follows: a batch of pellets in the size range of
0.25-0.6 mm was loaded into the reactor and subjected to complete carbonation in
20% CO2/80% N2 at 650 ℃ for 1 h, at a gas velocity of 0.05 m/s. After discharge from 
the bubbling fluidized bed, the pellets in the size range of 0.3-0.5 mm were sieved and
used in the tests. 15 g pellets without inert bed material were employed for each test.
Experiments were typically carried out at atmospheric pressure. The calcination stage
was in 80% CO2/20% N2 at 920 ℃ for 15 min, and carbonation conditions were 15% 
CO2/85% N2 at 650 ℃ for 25 min. In the first cycle, all sorbents were heated in air 
from ambient temperature to 920 ℃ for oxidation of combustible components. After 
calcination, the temperature was lowered to 650 ℃, switching to pure N2 atmosphere
simultaneously to avoid premature carbonation. All sorbents were subjected to 20
reaction cycles in each trial.
The sorbent reactivity was assessed by the cyclic CO2 uptake, calculated by Eqn. (1)
as follows:
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where XN represents the cyclic CO2 uptake of samples after N cycles, g(CO2)
g(calcined sorbent)−1; t is carbonation time, min; N represents number of reaction
cycles; Q is volume flow rate, L·min-1; φCO2,0 (t) denotes CO2 concentration at the
outlet in the absence of sorbent at t min, vol.%; φCO2 (N, t) represents CO2
concentration in the presence of sorbent at t min, vol.%; mcal is the mass of calcined
sorbent, g; and MCO2 is the molecular weight of CO2, g·mol-1.
Attrition performance
The attrition properties of prepared pellets and limestone particles were examined
in the BFB tests. During the multiple cycles, the fines escaping from the reactor were
captured by a fiber filter located at the reactor outlet, as shown in Figure 1. In order to
prevent hydration and recarbonation of the collected fines, the filter was put in a drier
as soon as possible after the completion of a test. Then the mass of particles elutriated
was determined by the difference in fiber filter weights before and after each test, and
the elutriation rate at a given velocity was calculated by Eqn. (2). Each trial was
duplicated under the same experimental conditions.
0( ) /t fE m m m= − (2)
Here mt is the total mass of used filter after cycles; mf is the mass of fresh filter; m0
is the total mass of given sorbents at the start of the test.
After each long-cycle test, the particles in the bed were discharged and sieved using
a sieve shaker with 8 sieves plus the bottom tray to determine the particle size
distribution (PSD). The PSD of the entire sample (elutriated + remaining in bed) after
the experiment was used to identify the attrition mechanisms. The probability of pellet
breakage was measured by “fragments”, meaning the particles whose size falls below
the lower limit of the feed size interval (i.e., 0.3 mm in this study). The definition of
breakage probability (f) is as shown in Eqn. (3):
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Here, the Sauter average particle diameter (dsv) was used to determine the particle
size of sorbent before and after reaction, which is calculated by Eqn. (4). The attrition
rate (RN) reflects the attrition performance of sorbent, as defined by Eqn. (5):
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where xi is the mass fraction of particles in size interval i; dpi is the length of size
interval i; and dsv,N is Sauter mean diameter of sorbent after N cycles, mm.
The particle size distribution of the elutriated fines for different sorbent pellets was
measured using a Malvern Mastersizer 2000 instrument by laser diffractometry of the
samples dispersed in absolute ethyl alcohol. The surface morphology of the pellets
before and/or after cyclic reactions was investigated by a scanning electron
microscope (SEM, Hitachi S-4800, Tokyo, Japan).
3. Results and discussion
3.1 Effect on CO2 capture performance of sorbents
To demonstrate the experimental reproducibility, each single carrying capacity test
in this paper was carried out in duplicate, and the averaged results are presented.
Based on TGA test results26, regenerated SBC and cement were chosen as dopants.
Figure 3 illustrates the CO2 concentration curves during the 1st and 20th carbonation
stage for different doped sorbents in the BFB tests. Clearly, there is a fast reaction
stage and a slow one for each sample in the initial reaction cycle. A minor difference
in the duration of the fast stage was observed, referring to the initial 700 seconds in
Figure 3. However, the total duration of carbonation reaction for “L-10PC” and
“L-5PC-10CA” was around 1400 sections, longer than 1200 seconds of “L”. It
appears that the wider pore area and volume distribution in pore size range of 10-100
nm (seen in Fig. 5 in ref.26) contributed to the prolonged slow reaction stages for both
“L-10PC” and “L-5PC-10CA”.
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Figure 3. CO2 concentration curves during the 1st and 20th cycles for several sorbents.
The cyclic CO2 uptake for the synthesized pellets compared to natural limestone
particles in the BFB tests is illustrated in Figure 4. It can be seen that all pellets
performed better than the original limestone after the 1st cycle. After 20 cycles, the
CO2 uptake of four samples increased from 0.095 to 0.206 g(CO2) g(calcined
sorbent)−1 for the initial limestone and “L-5PC-10CA”, respectively. Here, the data
have not been corrected for mass loss owing to the elutriation of fines. As presented in
Figure 4a, “L-10PC” showed an improvement of 36.8% over that of “L” for the
capture capacity after 20 cycles. “L-10CA” exhibited double the carrying capacity in
the 20th cycle. It can be recognized that doping pyrolyzed SBC or cement to
lime-based sorbents produces a significant effect on enhancing the CO2 capture
performance of CaO sorbents. The BET surface area and BJH pore volume of all
sorbents were measured by N2 physisorption analysis, and are given in Table 2. The
specific surface areas were 12.47 and 17.62 m2 g-1 for “L-10PC” and “L-10CA”,
respectively, which for “L” was just 9.13 m2 g-1. A similar tendency for the specific
pore volume was observed. “L-5PC-10CA” showed the largest pore characteristic
values. In addition, it has been confirmed that the thermally stable larnite (Ca2SiO4)
and mayenite (Ca12Al14O33) formed inside improved the sintering resistance of
sorbents in our previous paper26.
Table 2: Porosity characterization of five pellet types
Sample BET Surface
Area (m2/g)
BJH Pore Volume
（cm3/g）
L 9.13 0.055
LP 11.02 0.076
L-10PC 12.47 0.103
L-10CA 12.62 0.092
L-5PC-10CA 13.74 0.110
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Figure 4. Cyclic CO2 uptake of doped sorbents through 20 cycles.
The relevant TGA experimental results are given for comparison, in Figure 4b. It
should be pointed out that the average CO2 uptake along 20 cycles in the BFB tests
were lower than those observed in the TGA experiments. Figure 5 displays the
difference in average CO2 uptake from the two types of experiments. It is revealed
that the average CO2 uptake in the initial 5 cycles (BFB) was lower by 2.9% and
13.1% for “L-5PC-10CA” and “L”, respectively, compared to the TGA test results.
This appears to be due to the sorbent losses caused by elutriation and greater diffusion
resistance by larger particle size. By contrast, the drop in the degree of average CO2
capture capacity in the last 5 cycles was reduced by a significant extent. It should be
noted that new reaction surface must be produced by attrition, which contributes to
improving carbonation. Especially, “L-5PC-10CA” exhibited the lowest drop on
average CO2 uptake.
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Figure 5. Comparison of average CO2 uptake from different experimental methods.
3.2 Effect on attrition of sorbents
Elutriation rate
The fines produced by abrasion are elutriated when the superficial gas velocity
exceeds their terminal velocity. The elutriation rate (f) for each trial is reported in
Figure 6. The losses for all samples were: 4.54 ± 0.76%(L), 3.86 ± 0.63%(LP), 3.45 ±
0.8%(L-10PC), 2.05 ± 0.54%(L-10CA), 2.29 ± 0.58%(L-5PC-10CA). It is clear that
the elutriation losses of all modified pellets were lower than for crushed limestone.
Attrition by abrasion depends on the resistance of the sorbents to surface wear.
Manovic and Anthony31 reported that cement doping of lime-based sorbent could
form a stable CaO-Al2O3 framework to strengthen the particle structure. This is
consistent with the fact that Ca2SiO4 was generated in “L-10PC”, in our previous
work26, and must have played a role in causing higher attrition resistance for this
pellet. It is generally reported that the attrition rate of fresh CaCO3-based particle is
greatest in the initial stage32. This is because irregular particles with rough and jagged
edges suffer abrasion before being rounded off. The SEM images presented in Figure
7 show that most of the tested natural limestone particle exhibited rather irregular
shape, while masses of the manufactured pellets like “L-10CA” and “L-10PC” have
better sphericity, which reduced the possibility of surface wear.
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Figure 6. Elutriation rate of five sorbents after 20 cycles.
Figure 7. SEM images of “L” and “L-10CA” after 20 cycles: (a), (b) “L”; (c), (d) “L-10CA”.
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Figure 8. Particle size distribution curves of elutriated fines for different sorbents: (a) “L”, (b)
“LP”, and (c) “L-10CA”.
The particle size distributions of elutriated fines from various tests are presented in
Figure 8. It can be seen that the d50 values of “LP” and “L-10CA” were 18.48 and
18.49 μm, respectively, obviously greater than that of “L”, which is 8.74 μm. This 
means that the average size of elutriated fines for manufactured pellets was larger than
that for natural limestone particles. The finer powders produced from natural
limestone contributed to the biggest elutriation rate, presented in Figure 6. In addition,
it should be noted that the d90 values of “LP” was 29.84 μm, evidently smaller than 
39.17 μm of “L‐10CA”. This was due to the strengthened adhesion of powders by 
doping cement. It can be concluded that the prepared pellets tend to produce larger
fines compared to original limestone, which is beneficial to the decline of elutriation
rate.
0-0.0
63
0.063
-0.09
7
0.097
-0.15
4
0.154
-0.25
0
0.250
-0.30
2
0.302
-0.35
4
0.354
-0.40
3
0.403
-0.45
1
0.451
-0.50
70
10
20
30
40
50
60
PS
D
(%
/m
m
)
Particle size (mm)
Original particle size
L
LP
L-10PC
L-10CA
L-5PC-10CA
(a) PSD
0.0 0.1 0.2 0.3 0.4 0.5
0
20
40
60
80
100
C
um
ul
at
iv
e
m
as
sd
is
tri
bu
tio
n
(%
)
Average Diamter (mm)
Original particle size
L
LP
L-10PC
L-10CA
L-5PC-10CA
(b) cumulative mass distribution
Figure 9. The PSD and cumulative mass distribution of the tested sorbents after 20 cycles.
The PSD and cumulative mass distribution of four prepared pellets compared to
original limestone particles are shown in Figure 9. As illustrated in Figure 9a, the
original particle sizes of all sorbents are in four ranges of 0.302-0.354, 0.354-0.403,
0.403-0.451 and 0.451-0.507 mm. After 20 cycles, a significant fraction of particles <
0.302 mm was generated. As can be seen, “L”, “LP” and “L-10PC” showed a high
percentage (~13-21% by mass) in 0.097-0.154 and 0.154-0.250 mm ranges, which
correspond to half of the initial particle size range. This appears to be explained by the
chipping attrition mechanism34. “L-10CA” and “L-5PC-10CA” showed major
production of material in the size ranges of 0.403-0.451 and 0.451-0.507 mm (taking
up 75 wt.% of original particle size), and a significant fraction of particles were
generated in the range of 0.063-0.097 mm, mainly because of surface wear. This
percentage was as high as 4.7% for “L-10CA”, but was only 0.7% for “L”. The
cumulative mass distribution curve of each sample clearly decreases, as shown in
Figure 9b. The changes in “L” and “LP” were most marked, meaning that the particle
size for these two samples has changed more significantly after 20 multiple cycles.
Doping lime-based pellets with pyrolyzed SBC or cement appears to strengthen their
attrition resistance, reflected by a small movement leftward for “L-10PC”, “L-10CA”
and “L-5PC-10CA”.
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Figure 10. Sauter mean diameter and attrition rate of five sorbents after 20 cycles.
Figure 10 shows the Sauter mean diameter and attrition rate of five sorbents. The
error bars represent the standard deviation between repeats. The Sauter mean diameter
of the original particles is 0.415 mm, and decreased after 20 cycles to 0.254 mm
(“L-5PC-10CA”), 0.251 mm (“L-10CA”), 0.215 mm (“L-10PC”), 0.201 (“LP”) and
0.200 mm (“L”), with corresponding attrition rates of 7.9, 8.2, 9.9, 10.6 and 10.7
μm/cycle, respectively. It is clear that the manufactured CaO sorbents doped with 
pyrolyzed SBC are much more resistant to attrition than the natural limestone. Further,
the attrition resistance becomes stronger after doping the pellets with cement.
“L-5PC-10CA” showed the lowest attrition rate in this work.
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Figure 11. Breakage probability (i.e., cumulative PSD of fragments < 0.3 mm) for each
sorbent.
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Figure 12. Probability density function (PDF) of particle size.
The probability of breakage for sorbents in BFB tests can be described by the
cumulative fractional mass of fragments, measuring the particles sieved below the
lower limit of the feed size interval. Here, the particles of size < 0.3 mm, were defined
as fragments, and the cumulative PSDs are presented in Figure 11. After 20 cycles, the
breakage probabilities for undoped sorbents were as high as 35.0% and 34.2% for “L”
and “LP”, respectively. The breakage probability of “L-10PC” declined to a certain
extent due to the enhanced strength of SBC-doped pellets through formation of
Ca2SiO4. By contrast, “L-10CA” indicated breakage as low as 21.7%, corresponding
to 38% reduction compared to the “L” baseline sample. Accordingly, cement as
support produced promising structural strength for pellets. This is especially so for the
pyrolyzed SBC-doped pellets, which appear to be more attrition-resistant by adding
cement simultaneously. “L-5PC-10CA” acquired the lowest breakage probability of
20.4%.
Figure 12 presents the probability density functions (PDFs) of the size of different
samples after 20 cycles. The mass fraction of particles in the feed size range declined
remarkably for “L” and “LP”. All samples showed distribution peaks in the 0-0.08
mm range, as a result of surface abrasion. In particular, it should be noted that there
were peaks in 0.08-0.202 mm for “L”, “LP” and “L-10PC”, but not for “L-10CA” and
“L-5PC-10CA”. Scala et al.35 proposed three main particle breakage patterns, which
can be reflected by PDF curves of PSD of fragments. According to this concept, “L”,
“LP” and “L-10PC” experienced collisions and abrasion during reaction cycles,
mostly including chipping and disintegration modes. On the contrary, “L-10CA” and
“L-5PC-10CA” mostly undergo abrasion, possibly combined with moderate chipping.
Conclusions
It has been shown that the carbonation activity for pellets doped with regenerated
SBC and/or cement were strongly enhanced based on TGA experiments. In this paper,
BFB tests were carried out to further examine the CO2 capture capacity and attrition
properties of these pellets. The prepared pellets modified by pyrolyzed SBC and
cement exhibited improved cyclic CO2 capture capacity similar to that in TGA
experiments. However, the average values were lower than those in TGA experiments,
as a result of the elutriation loss of sorbents. SEM images illustrated that the prepared
pellets possessed better sphericity than limestone particles, which contributed to lower
elutriation rates than that of the original limestone particles. Doping pyrolyzed SBC
and cement strengthened the pellet structure. “L-5PC-10CA” showed the lowest
attrition rate in this work. By analyzing the probability of breakage and probability
density function (PDF) of particle size for sorbents, it can be concluded that “L”,
“LP” and “L-10PC” experienced significant chipping and disintegration. By contrast,
“L-10CA” and “L-5PC-10CA” appear to mostly undergo abrasion. Overall, the
lime-based pellets doped with both pyrolyzed SBC and cement (“L-5PC-10CA”)
showed superior cyclic CO2 capture capacity and attrition resistance. Considering the
simplicity of the pyrolysis regeneration process and the excellent capture capability of
pellets doped with pyrolyzed SBC and cement, the proposed system integrating CaL
with SBC pyrolysis treatment appears to offer particular promise for further
development at the commercial scale.
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